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1607-551X/Copyright ª 2014, KaohsiuAbstract Although understanding the relation between psychotic behavior and immune ab-
normalities has been the focus of research for many years, it remains to be elucidated whether
the changes in cytokine levels are part of etiology or a result of the stress associated with the
disorder. In accordance with previous studies on changes in cytokine levels due to metabolic
changes and psychosis, we hypothesized that fatty liver may potentiate apomorphine-
induced stereotypy in a rodent model and that a synthetic glucagon-like peptide-1 analog ex-
enatide would ameliorate this effect. In this study, 18 male Sprague Dawley albino mature rats
were used. We induced hepatosteatosis in these rats by feeding them with 30% fructose dis-
solved in drinking water for 8 weeks. The animals were divided into three groups, namely,
the normal group, the intracerebroventricular (ICV) exenatide group, and the ICV NaCl group.
Apomorphine-induced stereotypic behavior test was performed in all groups and the liver was
removed for histopathological examination after all the rats were euthanized. In the nonalco-
holic fatty liver (NAFL) group, stereotypy scores were significantly increased compared with
the control group rats (p < 0.00001). A significant decrease in stereotypy scores were observed
in the ICV exenatide group with NAFL when compared with the ICV saline group with NAFL
(p < 0.005). In addition, brain malondialdehyde and tumor necrosis factor-a levels decreased
in the ICV exenatide group. The results of this study showed that fatty liver enhances theeclare no conflicts of interest.
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Nonalcoholic fatty liver disease (NAFLD) is a condition in
which there is accumulation of fat in the liver in the
absence of significant alcohol consumption and other spe-
cific causes of hepatic steatosis. The clinical manifestation
ranges from asymptomatic steatosis to nonalcoholic stea-
tohepatitis (NASH) and cirrhosis [1,2]. Fatty liver is common
among patients with obesity and type 2 diabetes mellitus
(DM) [3]. Lipid peroxidation, oxidative stress, hyperglyce-
mia, hyperinsulinemia, and endotoxemia are the possible
pathophysiological events in NAFLD [4,5]. Cytokines also
have an important role in the development of NAFLD [6].
Among them, tumor necrosis factor-a (TNF-a) is an in-
flammatory cytokine secreted by different cell types
including macrophages and Kupffer cells in the liver and
plays a key role in the pathogenesis of inflammation and
insulin resistance. Several studies have suggested a rela-
tionship between TNF-a levels and obesity and insulin
resistance [7,8]. Interleukin-6 (IL-6) is another proin-
flammatory cytokine, which is induced by TNF-a, and its
serum levels were found to be higher in patients with
NAFLD and in animal models [9,10]. It is also considered to
have a close relation with liver diseases associated with
alcohol [2,11].
Many previous studies have analyzed the connection
between schizophrenia and immune abnormalities, and
schizophrenia has been found to be associated with altered
levels of cytokines and their soluble receptors such as IL-6,
sIL-6R, IL-8, IL-10, IL-4, TNF-a, and IL-1 beta levels [12,13].
Although apomorphine-induced stereotypic behavior test is
not a schizophrenia model, stereotypic behavior is
commonly used in many previous animal studies as the sign
of psychotic symptoms due to its common association with
schizophrenia [14e16]. Some studies have suggested a
close relationship between psychotic stereotypic behavior
and inflammation, and reported increased psychotic
behavior with the increasing levels of many cytokines
including TNF-a and IL-6 [17,18].
Glucagon-like peptide-1 (GLP-1) is an incretin hormone
that plays many important roles in the regulation of glucose
homeostasis. It is secreted from intestinal L cells in
response to carbohydrates [19]. GLP-1 is also produced in
the central nervous system by the neurons in nucleus
tractus solitarius (NTS). GLP-1 neurons in the NTS project to
regions including the ventral tegmental area and the nu-
cleus accumbens [20].
In this study, we aimed to investigate the relationship
between behavioral stereotypy, inflammatory response,
and oxidative stress by measuring brain TNF-a and malon-
dialdehyde (MDA) levels in hepatosteatosis-induced rats fed
with fructose-rich diet. In addition, we also aimed toinvestigate the effects of intracerebroventricular (ICV) GLP
on behavioral stereotypy.
Materials and methods
Animals
In this study, 24 male Sprague Dawley albino mature rats
were used (aged: 8 weeks of age; weight: 250e300 g). The
experimental procedures of this study were approved by
the Ege University Animal Ethics Committee (Izmir, Turkey).
All experiments were carried out according to the Guide for
the Care and Use of Laboratory Animals, as confirmed by
the National Institutes of Health (Bethesda, MD, USA).
The rats were kept in a 12/12-hour lightedark cycle
(light from 7:00 AM to 19:00 AM) in quiet rooms with 22e24C
of ambient temperature. The animals were fed standard
laboratory food and tap water ad libitum.
Experimental protocol
We induced hepatosteatosis in 18 rats by feeding them with
30% fructose dissolved in drinking water for 8 weeks. The
remaining six male rats served as the control group and
received normal nutrition and drinking water.
The fructose-treated group was subdivided into three
groups. The first group (n Z 6) received ICV infusion of
exenatide (n Z 6). The second group received ICV infusion
of NaCl (n Z 6), and the third group just received the ICV
injection under anesthesia. Rats were deeply anesthetized
with an intraperitoneal (i.p.) injection of a mixture of ke-
tamine hydrochloride (40 mg/kg; Alfamine, Ege Vet, Alfa-
san International B.V., Woerden, The Netherlands) and
xylazine hydrochloric (4 mg/kg; Alfazyne, Ege Vet, Alfasan
International B.V.) and placed in a stereotaxic frame.
Exenatide 10 mg/kg (Byetta, Lilly) was infused into the left
lateral ventricle (anterioreposterior Z 0.8 mm;
medialelateralZ 1.6 mm; dorsaleventralZ 4.2 mm) at
a dose of 10 mL using a 28-gauge Hamilton syringe. Sham-
operated rats received 10 mL of isotonic NaCl (vehicle).
The needle was left in place for an additional 2 minutes for
complete diffusion of the drug. All animals received i.p.
injection of penicillin to prevent the postsurgical infection.
After the surgery, rats were weighed regularly and their
behavior and health conditions were monitored daily.
Apomorphine-induced stereotypic behavior test
Mesolimbic and nigrostriatal dopaminergic pathways play
crucial roles in the mediation of locomotor activity and
stereotypic behavior. Apomorphine-induced stereotypy is a
convenient method used in in vivo tests for evaluating the
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the assessment of dopaminergic activity [21,22].
Seven days after the stereotaxic surgery, apomorphine
(1.5 mg/kg subcutaneously) was administered to all ani-
mals. Stereotypic behavior was assessed by two indepen-
dent observers who were blinded to the study groups. All
studies were conducted between 10.00 AM and 16.00 PM.
First, rats were placed into cylindrical metal cages
(18 cm  19 cm) containing vertical (1 cm apart) and hor-
izontal (4.5 cm apart) metal bars (2 mm) with an upper lid
for 10 minutes (orientation period). After the administra-
tion of apomorphine, the rats were immediately placed
back into the metal cages and their stereotypic behavior
was observed. Signs of stereotypy, which include mainly
sniffing and gnawing, were observed and scored as follows:
absence of stereotypy (0), occasional sniffing (1), occa-
sional sniffing with occasional gnawing (2), frequent
gnawing (3), intense continuous gnawing (4), and intense
gnawing and staying on the same spot (5). The stereotypic
behavior was rated after each minute and the mean value
for a 15-minute period was calculated and recorded.
Measurement of brain lipid peroxidation (MDA)
Lipid peroxidation was determined in tissue samples by
measuring MDA levels as thiobarbituric acid-reactive sub-
stances (TBARSs) [23]. In brief, trichloroacetic acid and
TBARS reagent were added to the tissue samples, and the
samples were then mixed and incubated at 100C for 60
minutes. After cooling on ice, the samples were centrifuged
at 3000 rpm for 20 minutes and the absorbance of the su-
pernatant was read at 535 nm. MDA levels were calculated
from the standard calibration curve using tetraethox-
ypropane and were expressed as nmol/g protein.
Measurement of brain protein levels
Total protein concentration in brain samples was deter-
mined according to the Bradford method using bovine
serum albumin as standard [24].
Detection of TNF-a in brain tissue
The frozen brain tissues were homogenized with a glass ho-
mogenizer in 1 mL of buffer containing 1 mmol/L of phenyl-
methylsulfonyl fluoride, 1 mg/L of pepstatin A, 1 mg/L of
aprotinin, and 1 mg/L of leupeptin in phosphate-buffered
saline (PBS) solution (pH 7.2), and were then centrifuged at
12,000 rpm for 20 minutes at 4C. The supernatant was then
collected and the total protein was determined according to
the Bradford method. The level of TNF-a in the tissue su-
pernatants was measured using a commercially available rat
enzyme-linked immunosorbent assay kit (eBioscience, Inc,
San Diego, CA, USA) in accordance with the instructions of
the manufacturer. The interassay and intra-assay co-
efficients of variation for TNF-a were 7.9e8.2% and
6.1e6.5%, respectively. The minimum limit of TNF-a detec-
tedwas 4pg/mL. Thecytokine content in thebrain tissuewas
expressed as picogram of cytokines/gram of protein.Histopathological examination of liver
For histological and immunohistochemical studies, all ani-
mals were anesthetized by an i.p. injection of ketamine(40 mg/kg)/xylazine (4 mg/kg) and the liver was perfused
with 200 mL of 4% formaldehyde in 0.1M PBS. Formalin-
fixed liver sections (4 mm) were stained with hematox-
ylineeosin. All sections were photographed with Olympus
C-5050 digital camera mounted on Olympus BX51
microscope.
Morphological analysis was performed using a comput-
erized image analysis system (Image-Pro Express 1.4.5;
Media Cybernetics, Inc., USA) on 10 microscopic fields per
section examined at a magnification of 40 by the
observer blinded to the study groups. The pathologic
findings in the liver were scored by the percentage of liver
cells containing fat as follows [25]: (1) 1þ, <25% of cells
containing fat; (2) 2þ, 26e50% of cells containing fat; (3)
3þ, 51e75% of cells containing fat; and (4) 4þ, more than
75% of cells containing fat; (5) inflammation and necrosis:
one focus/lobule, 1þ; and (6) two or more foci/lobule,
2þ.
The total liver pathology score was calculated by adding
the scores from each parameter.Statistical analysis
Statistical evaluation was performed using SPSS version
15.0 for Windows (SPSS Inc., Chicago, IL, USA). Shapir-
oeWilk test was used to determine normal distribution of
data. Because all the data had a normal distribution, all
groups were compared using analysis of variance. By
contrast, post hoc Bonferroni test was used to compare the
two groups with each other. The results are presented as
mean  standard error of the mean and p < 0.05 was
accepted as being statistically significant.Results
Comparison of the stereotypy scores
Macrovesicular hepatosteatosis was shown histologically in
animals fed with fructose. In hepatosteatotic rats, ste-
reotypy scores were significantly increased compared with
the control group rats (F Z 14.59, p < 0.00001). Impor-
tantly, a significant decrease in stereotypy scores was
found in the fatty liver þ ICV exenatide group compared
with the fatty liver þ ICV saline group (p < 0.005; Table 1
and Figs. 1e3).Comparison of the brain TNF-a levels
The brain TNF-a levels were significantly increased in the
fatty liver and fatty liver þ NaCl groups when compared
with the control group (FZ 14.47, p < 0.00001). Brain TNF-
a levels were significantly decreased in rats treated with
exenatide when compared with the fatty liver and fatty
liver þ NaCl groups (FZ 16.56, p < 0.0005). When the fatty
liver þ NaCl and fatty liver groups were compared with
each other for brain TNF-a levels, there was no significant
difference (p > 0.05). In addition, there was no significant
difference in TNF-a levels between the fatty
liver þ exenatide and control groups (p > 0.05).
Table 1 Stereotypy and histopathologic liver scores of animals in the study groups.
Control NAFL NAFL þ ICV NaCl NAFL þ ICV exenatide
Stereotypy score (counts/min) 1.9  0.06 3.7  0.24* 4.2  0.23* 3.05  0.26**
Histopathologic liver score 1.08  0.15 5.09  0.32* 5.16  0.27 5.25  0.21
Data are expressed as mean  standard error of the mean. Statistical analyses were performed by analysis of variance and Student t
test.
*p < 0.000001 (in the NAFL and NAFL þ ICV NaCl groups, stereotypy histopathologic liver scores are higher for the control group).
**p < 0.005 (in the NAFL þ ICV exenatide group, stereotypy scores are lower for the NAFL þ ICV NaCl and NAFL groups).
ICV Z intracerebroventricular; NAFL Z nonalcoholic fatty liver.
Figure 1. Stereotypy scores (count/minute).
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The brain MDA levels were significantly increased in the
fatty liver and fatty liver þ NaCl groups when compared
with the control group (F Z 11.53, p < 0.005) and signifi-
cantly decreased in the exenatide-treated group when
compared with the fatty liver and fatty liver þ NaCl groups
(F Z 14.36, p < 0.0005). There was no significant differ-
ence in brain MDA levels between the fatty liver þ NaCl and
fatty liver groups (p > 0.05) and between the fatty
liver þ exenatide and control groups (p > 0.05; Table 2).Discussion
The results of this study showed that fatty liver enhances
the effect of apomorphine on stereotypy, which was
reversed by exenatide possibly by antioxidant and anti-
inflammatory effects. One of the most remarkable results
of this study is the change in the levels of brain MDA and
TNF-a. Both the brain MDA level, which is an important
indicator of oxidant status, and the brain TNF-a level,
which is a main road network of the inflammation, wereFigure 2. Histopathologic liver scores.significantly decreased in the group treated with exena-
tide. Thus, it can be suggested that exenatide may have
relevant effects on stereotypic behavior through its anti-
inflammatory and antioxidant features. Another significant
result of the study is that inflammatory and oxidant
markers in the fatty liver group increased significantly,
supporting the recently overemphasized relation between
inflammation and the stereotypic behavior.
Previously, Dixit et al. [19] showed antipsychotic-like
effect of the GLP-1 agonist liraglutide in a mouse model
of psychosis. In their study, acute liraglutide treatment
significantly attenuated apomorphine-induced cage climb-
ing, whereas sitagliptin, a dipeptidyl peptidase (DPP) in-
hibitor, failed to exhibit the same effect. The reason for
this failure was attributed to the moderate ability of sita-
gliptin to increase GLP-1 levels compared with direct GLP-1
activation by liraglutide and the absence of reports of DPP-
4 inhibitors, such as liraglutide and exenatide, crossing the
bloodebrain barrier (BBB) [19]. In our study, although
exenatide is known to be able to cross the BBB, it was
administered ICV and reduced the stereotypy scores
significantly in rats with fatty liver.
Mesolimbic and nigrostriatal dopaminergic pathways
have been suggested to play a crucial role in the mediation
of locomotor activity and stereotypic behavior. Apomor-
phine has been suggested to induce stereotypy by stimu-
lating the dopamine receptors. As mentioned earlier,
stereotypic behavior is suggested to be mediated by post-
synaptic dopamine receptors in the brain and this effect is
enhanced by apomorphine administration [21]. Likewise, in
our study, apomorphine-treated rats exhibited higher ste-
reotypy scores compared with controls without fatty liver.
This result might be due to the enhancing effect of fatty
liver on stereotypy by dopaminergic transmission. IL-2 has
been suggested to alter the dopaminergic activity in mes-
olimbic and striatal pathways. Accordingly, in 2013, Rankin
et al. [26] demonstrated that mice treated with GBR
1209da selective dopamine reuptake inhibitord30 days
after an initial IL-2 administration showed increased ste-
reotypical behavior, suggesting an IL-2 mechanism utilizing
dopamine. Likewise, in our study, apomorphine provoked
stereotypical behavior in mice with fatty liver possibly by
dopaminergic pathways.
The serum levels of cytokines such as IL-1 beta, IL-6, IL-
12, TNF-a, and sIL-2R were found to be high in several
studies, supporting the role of cytokines in the etiology of
psychosis [27e31]. IL-2 is specifically a T-helper Type 1-
derived cytokine that modulates the dopamine activity. It
has been suggested that stress factors such as infection and
inflammation during pregnancy may affect the mesolimbic
Figure 3. Liver histopathology. (A,B) Normal group liver (hematoxylineeosin; magnification, 40 and 100). (C,D) The hep-
atosteatosis group liver (arrow shows macrovesicular steatosis in liver cytoplasm).
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and hypersensitivity to drugs of abuse [32,33].
In NAFLD, chronic inflammation is considered to have a
pivotal role. TNF-a, IL-1 beta, IL-6, and IL-8 were found to
be elevated in NAFLD and in related diseases such as NASH,
alcoholic hepatitis, and DM in many previous studies
[2,6,11,34,35]. Thus, an inflammatory state, which is
possibly mediated through cytokines, may play a role in
metabolic impairments such as obesity, DM, NAFLD, andTable 2 Brain MDA and TNF-a levels of animals in the
study groups.
Brain MDA levels
(nmol/g protein)
Brain TNF-a level
(pg/g protein)
Control group 14.08  1.2 118.2  6.49
NAFL 68.5  2.6* 475.8  7.24**
NAFL þ ICV NaCl 81.3  3.4* 502.7  4.18**
NAFL þ ICV exenatide 19.4  1.5*** 146.3  5.41****
Data are expressed as mean  standard error of the mean.
*p < 0.005 (in the NAFL and NAFL þ NaCl groups, brain MDA
levels are higher for the control group).
**p < 0.00001 (in the NAFL and NAFL þ NaCl groups, brain TNF-a
levels are higher for the control group).
***p < 0.00005 (in the NAFL þ ICV exenatide group, brain TNF-a
levels are lower for the NAFL and NAFL þ NaCl groups).
****p < 0.0005 (in the NAFL þ ICV exenatide group, brain MDA
levels are lower for the NAFL and NAFL þ NaCl groups).
ICV Z intracerebroventricular; MDA Z malondialdehyde;
NAFL Z nonalcoholic fatty liver; TNF-a Z tumor necrosis fac-
tor-a.NASH. In our study, animals with fatty liver exhibited
increased stereotypy, possibly related to the increased
levels of cytokines resulting from the development of
steatosis in liver. Increased stereotypy in our study was
reversed by exenatide da synthetic version of exendin-4.
Kim et al. [30] demonstrated a decrease in both basal lo-
comotor activity and amphetamine-induced locomotor ac-
tivity in rats treated with exendin-4. Furthermore,
Egecioglu et al. [36] demonstrated attenuated alcohol-
induced locomotor stimulation and accumbal dopamine
release in mice. The effects of GLP-1 analogs such as
attenuation of alcohol- and amphetamine-induced loco-
motor activity and accumbal dopamine release combined
with our results demonstrating a decrease in stereotypic
behavior with exenatide reveal the central effects of GLP-1
analogs.
In conclusion, the results of this study suggest that fatty
liver enhances the effects of apomorphines on stereotypy.
This effect might result from, at least in part, a possible
increase in cytokine levels due to an inflammatory state
induced by fatty liver. Importantly, this effect was reversed
by exenatide, suggesting a possible antipsychotic-like ef-
fect for peptide. Further studies in other animal psychosis
model are therefore needed to identify the modified
dopaminergic transmission effects of exenatide and to
define specific roles of inflammatory cytokines in psychosis.References
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